Pursuing a strategy to feasibly acquire nanoparticles in a clean state (protector-free) and desired size range (ca. 3.0-5.0 nm) is a fundamental demand for the application of state-of-the-art precious metal catalysts.
Introduction
Precious metal (PM) catalysts have been intensively studied due to the unique properties, such as low overpotential on platinum for O 2 electroreduction or small molecular electrooxidation, lowtemperature on gold for CO oxidation, and high reactivity on palladium for the hydrogenation of unsaturated chemical bonds, that they have shown in many technically important heterogeneous catalysis processes. [1] [2] [3] [4] [5] Among the factors responsible for the outstanding performance of PM catalysts, so-called size effect was highlighted as one of the most effective aspects. For instance, adjusting the particle size of PM catalysts in nanoscale was found to impact not only the state of metal surface but also the interaction between the metal and the support, which in turn directly affected the reaction behaviors and consequent performance of the catalyst.
6,7 Interestingly, a common particle size range of 3.0-5.0 nm for the catalysts employing PM nanoparticles has been widely reported for the optimized catalytic performance in many different reaction systems, [8] [9] [10] suggesting that designing or controllably preparing metal nanoparticles in this size range would be a basic criterion for the application of the state-of-the-art precious metal catalysts.
Many efforts have been devoted to synthesizing precious metal nanoparticles in size-controllable aspect, which could be roughly differentiated into two methods. One is directly reducing the metal salt precursors with the help of protector reagents to conne the aggregation or growth of metal atomic clusters, such that to maintain the resulting sample in a denite size range. This method is advantageous in feasibly controlling the size of metal particles by employing protector reagents under widely adjustable conditions such as the nature and amount of protectors. However, the intrinsic function of the protectors is to strongly absorb on metal surface, which means they will at least occupy a part of the surface of metal particles and negatively inuence the loading affinity for the support or the accessibility of reactants to the metal sites. 11, 12 The other method to obtain small-sized metal catalysts is introducing a support to distribute metal precursors via impregnation or deposition and then reducing the loaded precursors to metal particles. This method is benecial for employing the features of the support such as high specic surface area or the strong interaction with metal precursor to ensure the desired dispersion of metal particles. However, note that this method could only be feasible in a low and narrow loading range of metal due to the limited surface area of the support. 13, 14 In addition, the randomness of impregnation or deposition processes always leads to uneven distribution of metal precursors on the supports and consequently fails to prepare metal particles in the desired narrow size range. 15, 16 Based on this situation, pursuing a feasible and ideal system to overcome the drawbacks of the above mentioned traditional preparation methods is still an open topic for both the design and application of precious metal catalysts.
In this study, a feasible one-pot strategy to directly synthesize highly dispersed Pd particles (ca. 3.0-5.0 nm) with adjustable and broad loading range in 20 times change on polystyrene under protector-free condition was developed via systematically adjusting the electrostatic interaction between Pd salt precursor and the surface of polystyrene. It was demonstrated that introducing vinylbenzyl trimethylammonium chloride (VTC) in a proper amount to copolymerize on the surface of polystyrene was a simple but functional way to optimize the electrostatic state of the polystyrene substrate; this consequently facilitated the uniform anchoring of Pd precursors and the following in situ reduction to narrow-size-range (ca. 3.0-5.0 nm) distributed Pd nanoparticles with broad Pd loading from 0.2 wt% to 4.6 wt% on polystyrene under protector-free condition. The mass-specic activity for the selective hydrogenation of phenylacetylene among the samples changed well along with the size or the dispersion of Pd particles, further indicated the advantages of the present system in preparing clean and well-dispersed Pd catalysts. These ndings suggest that the present system is promising to acquire efficient precious metal catalysts for important heterogeneous catalysis as well as other advanced applications those depending on size-controlled nanoparticles.
Experimental

Materials and pretreatments
All the reagents in the study were used as received if not otherwise specied. Styrene (St, AR), potassium persulfate (KPS), and ethyl alcohol were purchased from Sinopharm Chemical Reagent Co. Before use, styrene was puried by washing with 5 wt% aqueous NaOH to remove the inhibitor and was stored at below 5 C. Vinylbenzyl trimethylammonium chloride (VTC) was supplied by Sigma-Aldrich Inc. Sodium tetrachloropalladate(II) (Na 2 PdCl 4 ) was purchased from TCI Chemicals Company. Phenylacetylene (98%) was obtained from the J&K Scientic LTD. Dodecane was purchased from Aladdin Reagent Co. Ultrapure water (18.3 MU cm À1 ) obtained via a Milli-Q water system was used throughout the experiment.
Synthesis of the polystyrene-supported palladium samples
The samples were generally prepared via two steps in a one-pot system, as shown in Scheme 1. At rst, desired amount of VTC was introduced to the solution containing metastable polystyrene (PS) particles to copolymerize as cationic PS. Then, aqueous Pd precursor (Na 2 PdCl 4 ) was injected into the solution to form PS-supported Pd samples. The details have been described hereinaer. Polymers were prepared via an emulsier-free emulsion polymerization procedure. All the raw materials, including initiator K 2 S 2 O 8 (0.08 g), ultrapure water (40 ml), and styrene monomer (4 g), were charged into a 100 ml three-necked roundbottom ask equipped with a Graham condenser and a heating mantle. The solution was purged with nitrogen for 20-30 minutes to eliminate oxygen and then polymerization was allowed to proceed for 2 hours at 70 C under a stirring rate of 600 rpm to obtain the solution containing metastable polystyrene (PS) particles. Subsequently, a desired amount of VTC aqueous solution was injected into the solution. To ensure complete polymerization, the reaction was allowed to proceed for 12 hours at 70 C under a stirring rate of 600 rpm to obtain a cationic PS solution. 17 Then, the system was injected with desired amounts of freshly prepared aqueous solution of Na 2 -PdCl 4 and maintained at 50 C for 6 hours. The color of the solution turned from milky white to grey, suggesting the formation of Pd particles in the system. The solid materials were separated out of the solution by centrifugation, washed several times with ethanol and water, and then dispersed in water and stored at 5 C for use.
Characterization
The actual palladium loading on the PS microspheres was quantied using an Agilent Technologies 5100 ICP-OES inductively coupled plasma-optical emission spectrometer (ICP-OES). Zeta potential analysis was performed using Zeta Nanosizer (Nano-ZS90), which was produced by Malvern Company.
X-ray powder diffraction (XRD) experiments were carried out via a Persee XD-3 X-ray diffractometer at the scan rate of 2 min À1 in the angle range of 5-90 using Cu Ka radiation.
Transmission electron microscopy (TEM) was performed using a JEM-2100 (JEOL Co., Japan) microscope operating at 200 kV to observe the morphology and size distribution of the samples.
Fourier transform infrared spectroscopy (FT-IR) was carried out by a Nicolet 5700 FT-IR spectrometer (Thermo Fisher) using KBr pellet technique.
Catalytic measurements of the samples
The catalytic performances of the prepared samples were investigated by employing the selective hydrogenation of phenylacetylene (to styrene) as the model reaction. Ethanol (40 ml), phenylacetylene (500 ml, 4.6 mmol), and the same volume of dodecane (2.2 mmol as internal standard substance) were mixed in 100 a ml three-necked round-bottom ask, and then the mixture was injected in the given amount of sample. Aer degassing with H 2 for several minutes at room temperature, the system was sealed by a balloon lled with pure H 2 and heated to 40 C to perform the reaction. The reaction process was moni-the composition with time. The ltered solution drop was analyzed by a Gas Chromatograph (Agilent Technologies 7820A GC system) with a capillary column. For recycle tests, the catalysts were separated from the reaction solution by centrifugation, washed with ethanol, and reused for the next run.
Results and discussion
In this study, vinylbenzyl trimethylammonium chloride (VTC) was embedded on the surface of polystyrene (PS) as a capturing group for anchoring Pd precursor via the electrostatic interaction between -NH 4 + (in VTC) and PdCl 4 2À , according to the strategy shown in Scheme 1. In view of this design, the amounts of VTC and PdCl 4 2À could be signicant factors responsible for the features of the prepared sample. To clarify this possibility, three samples with the same nominal Pd loading but varied amounts of VTC (molar ratio of VTC : styrene (y) ¼ 0.025, 0.05, and 0.10) were prepared and investigated. ICP-OES analysis showed that the actual loadings of Pd in three samples were 0.58 wt%, 0.57 wt%, and 0.61 wt%, respectively, suggesting that the Pd loading of the three sample was all close to 0.60 wt%; thus, these three samples were denoted as Pd 0.6% /VTC 0.025 PS, Pd 0.6% /VTC 0.05 PS, and Pd 0.6% /VTC 0.10 PS. Fig. 1 is the combination of the characteristic results for the three samples. The setting of VTC on polystyrene and the following Pd precursor introduction were monitored by zeta potential analysis, shown in Fig. 1A . For these examinations, all the tested solutions were redispersed aqueous solutions containing the ltered solid materials from the corresponding original solutions. Compared to the negative potential of pure polystyrene sample (Fig. 1A-o) , zeta potentials for the three samples, introduced in VTC, increased in the positive potential range with the increasing the amount of VTC (Fig. 1A- [8] [9] [10] indicating that a proper amount of VTC on PS substrate was a key factor to control the size of Pd particles in the present preparation system, which could be attributed to the following features. The smaller amount of VTC (Pd 0.6% /VTC 0.025 PS with the molar ratio of VTC : styrene at 0.025) might have caused the insufficient or the uneven distribution of charge on the cationic PS surface, which in turn results in a non-uniform anchoring of PdCl 4
2À
, and the following unsatisfactory size distribution of Pd particles; on the other hand, the larger amount of VTC (Pd 0.6% / VTC 0.10 PS with the molar ratio of VTC : styrene at 0.10) would provide a higher cationic charge density on the surface of PS substrate, suggesting that the distance of anchoring group VTC would be shortened and the aggregation possibility of anchored Pd would be simultaneously enhanced, which consequently leads to the formation of larger Pd particles on the sample. In our study, it was demonstrated that by employing 0.05 molar ratio of VTC : styrene, the optimized surface charge distribution of the cationic PS substrates could be achieved for the following Pd immobilization process.
Based on the abovementioned results, the inuence of the amount of Pd precursor was further investigated by adjusting the Pd loading on the cationic PS with a constant VTC : styrene molar ratio of 0.05. Except for the prepared Pd 0.6% /VTC 0.05 PS sample, ICP-OES analysis indicated that the actual loadings of Pd in other three Pd-loading adjusted samples were 0.2 wt%, 1.3 wt%, and 4.6 wt%, and these samples were denoted as Pd 0.2% / VTC 0.05 PS, Pd 1.3% /VTC 0.05 PS, and Pd 4.6% /VTC 0.05 PS, respectively. Fig. 2 shows the results of FT-IR ( Fig. 2A) and XRD (Fig. 2B ) measurements for four samples. In Fig. 2A , in comparison with the slight change of C-H bending vibrations located in 1490-1400 cm À1 among the samples, the feature correlated to VTC was mainly manifested by the peak around 1600 cm À1 , which was assigned to -NH stretching vibration.
20,21
With the increasing Pd loadings of the samples up to 4.6 wt%, the intensity of -NH stretching vibrations among the samples gradually decreased and then disappeared (denoted by dash straight line in Fig. 2A These results disclosed that the palladium particles on the samples were present in completely reduced state. The analysis of size distribution of Pd particles showed that the average sizes for the three newly prepared samples were 3.6 AE 1.3 nm, 5.0 AE 1.6 nm, and 5.4 AE 1.8 nm, indicating that the strategy developed in the present study could ensure the acquiring of well dispersed Pd particles in ca. 3.0-5.0 nm size range. Considering that the Pd loadings among our samples were in 20 times variations (from 0.2-4.6 wt%), the results also suggested that the present strategy was suitable to get desired Pd nanocatalysts in a broad loading range. According to the constructive comments of a reviewer, we have reported the features of some typical methods in literature to prepare Pd nanocatalysts and these features are shown in Table 2 . In comparison with the various inorganic materialsupported Pd nanocatalysts, 22-28 the researches focused on the fact that Pd catalysts supported by organic materials just occupied a small fraction, 29, 30 which might attribute to the relatively higher thermal stability of inorganic materials compared to that of the PS-like polymer materials. However, this thermal stability of inorganic supports also implied the inconvenience in adjusting their state, especially the surface state that would signicantly impact the conjunctive function with metal components. For instance, the higher temperatures were always required for preparing or processing oxide or zeolite-supported metal nanocatalysts to the desired active state. [22] [23] [24] [25] [26] At high temperatures, there was inevitable thermodynamic tendency of isolated metals to leach or agglomerate, leading to the difficulty in controlling the particles within narrow nanoscale. [23] [24] [25] In addition, although some inorganic supports such as active carbon materials possessed rich functional groups on the surface and their nature could be easily manipulated at a proper temperature for optimizing the interaction with the loaded metal, controlling the size distribution of particles was still difficult 27, 28 due to the uneven dispersing density of the functional groups on the surface, especially when metal loadings were altered to a relative higher amount. 29, 30 In contrast, in our study, the introduction of a capturing group (VTC) in a proper amount to copolymerize on the surface of polystyrene (with the molar ratio of VTC : styrene at 0.05) was veried to be a feasible way to optimize the electrostatic state of polystyrene substrate, which consequently facilitated the uniform anchoring of Pd precursors and the following in situ reduction to narrow-size-range distributed Pd nanoparticles (ca. 3.0-5.0 nm) in a broad loading range (from 0.2 wt% to 4.6 wt%) under protector-free conditions. The ndings further indicated that the exible nature of PS-like polymer materials in both design and preparation 29, 30 could be advantageous for conveniently synthesizing desired supported metal nanocatalysts.
The catalytic performances of the samples were investigated by employing the selective hydrogenation of phenylacetylene to styrene as a model reaction. Fig. 4A and B show the conversion curves of phenylacetylene and the corresponding yield curves of styrene with reaction time for Pd 0.6% /VTC 0.025 PS, Pd 0.6% / VTC 0.05 PS, and Pd 0.6% /VTC 0.10 PS. The best catalytic performance was observed for Pd 0.6% /VTC 0.05 PS among the three samples, which was correlated to the smaller average size of the Pd particles on this sample compared to that on the other two samples. The catalytic performance curves of four samples with constant VTC : styrene molar ratio of 0.05 and varied Pd loading were obtained and are shown in Fig. 4C (phenylacetylene conversion curves) and D (styrene yield curves). The reaction system containing pure PS sample (the Pd-absent reference sample) showed insignicant change with time; however, hydrogenation was immediately initiated when a small amount of Pd x /VTC 0.05 PS sample was added to the reactant solutions, and the reaction rate was accelerated in proportion to the Pd content in the catalysts. In general, each of the catalytic reaction conversion could reach 100% accompanied by a high styrene yield (average at 82%). According to the reaction data of Fig. 4 and 5A correlated ln(C t /C 0 ) with reaction time for each sample, and it was observed that the linear relation could be resolved for all the samples, proving that a pseudo-rst-order rate kinetic dominates the reaction process for our samples. Therefore, the kinetic data such as rate constant (k), reaction rate (at the reaction time of 5 min), and the corresponding mass-specic activity of Pd (MSA-Pd) for the samples could also be resolved, as listed in Table 1 . The average size of each sample is also listed in Table 1 . Considering that the reciprocal of the diameter of particles in nanoscale could be used to roughly estimate the utilization or dispersion of the supported metal catalyst, 31,32 
Fig
. 5B correlates MSA-Pd with the reciprocal of Pd NPs particle size among the samples. An approximate linear relation was observed, indicating that the catalytic performance of our samples was directly governed by the size of the Pd particles; Pd in smaller size (higher dispersion) would be more favorable for the reaction. Mimic size-dependent catalytic performance of Pd catalysts for the selective hydrogenation of phenylacetylene could be also found in literature. The styrene yields with the corresponding size of Pd particles in various catalysts [22] [23] [24] [25] [26] [27] [28] [29] [30] are listed in Table 2 ; in general, employing smaller Pd particles as catalysts could be more benecial to obtain higher styrene yields. However, note that no matter what the nature of the supports (inorganic or organic materials) was, the smallest Pd nanocatalysts such as particles around 2.0 or 1.5 nm were always present in colloid deposition systems, meaning that a signicant coverage of protectors (for instance, PVP) on the metal surface was necessary for obtaining and using these predened small Pd particles. 25, 29 Although the higher styrene yields could be achieved for these samples, the more intensied reaction conditions, such as longer reaction time ($300 min) 25 or higher H 2 pressure (3.0 MPa), 29 compared to those for other samples were simultaneously required, which should be attributed to the poor accessibility of the reactants to the metal sites on the well-protected surface of these small particles. 11, 12 In contrast, our samples prepared from the present protector-free system could achieve comparable catalytic performance under obviously milder reaction conditions, suggesting that the preparation of metal nanocatalysts in not only a desired size range but also in a cleaner state was desirable for their application. Therefore, the present strategy could serve as a feasible method to prepare the desired samples for heterogeneous catalysis as well as other advanced applications that depend on size-controlled and clean metal nanoparticles. The stability of a typical catalyst (Pd 0.6% /VTC 0.05 PS) was estimated by leaching experiment and recycle use test, as shown in Fig. 6. Fig. 6A compares the functions of phenylacetylene 
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a The size of Pd nanoparticles was measured from TEM images. b Reaction rate was adopted as the instant rate at the reaction time of 5 minutes. c The mass-specic activity of Pd nanoparticles (MSA-Pd ¼ r/m Pd ) was obtained by normalizing the corresponding reaction rate to the mass of Pd used in the reaction. The result indicated that even if the leached metal species were present in the reaction liquid mixtures, these species would not act as a catalyst for the reaction. In addition, the reaction was repeated several times by employing fresh Pd 0.6% /VTC 0.05 PS catalysts and all the liquid mixtures aer the reaction were collected together and concentrated by evaporation. Then, the resulting liquid mixture was analyzed by ICP-OES and insignificant amount of metal components were observed; therefore, the leaching of the metal from Pd 0.6% /VTC 0.05 PS catalysts in the reaction could be ignored in this study. Moreover, the catalytic performance of the reused Pd 0.6% /VTC 0.05 PS catalyst was also investigated. Fig. 6B shows the conversion of phenylacetylene and the yield of styrene at 80 min employing the reused Pd 0.6% / VTC 0.05 PS catalyst. Due to the severe loss of the solid substance during the separation process, four catalytic runs based on the collected catalysts were carried out aer the fresh catalyst was used. In comparison with fresh catalyst, a slight uctuation or decrease in the conversion of phenylacetylene and yield of styrene was observed in the subsequent catalytic runs employing reused catalysts, suggesting that our samples in the solid state acted as catalysts and can be reused for the reaction.
Conclusions
The present method of deliberately embedding the electrostatic capturing group (for instance, VTC) in a proper amount on polystyrene for the uniform anchoring of PdCl 4 2À and direct acquiring of protector-free Pd nanoparticles in one-pot system was demonstrated to be a feasible strategy for the preparation of clean and efficient Pd hydrogenation catalysts in the desired size range (ca. 3.0-5.0 nm) and broad Pd loading range (with 20 times change from 0.2 wt% to 4.6 wt%) in this study. The ndings indicated that the outstanding exibilities in both design and preparation of PS-like polymer materials among other popular supporters could be employed for conveniently synthesizing desired supported metal nanocatalysts. The advantages of the present strategy also suggested that it can serve as a promising system to prepare efficient precious metal catalysts for other important heterogeneous catalysis as well as other advanced applications that depend on size-controlled and clean metal nanoparticles.
